We report on frequency comb generation at 1.5 μm by injection of a CW laser in a hybridly mode-locked InAs/InP two-section quantum-dot laser (HMLQDL). The generated comb has > 60 modes spaced by ∼ 4.5 GHz and a -20 dBc width of > 100 GHz (23 modes) at > 30 dB signal to background ratio. Comb generation was observed with the CW laser (red) detuned more than 20 nm outside the HMLQDL spectrum, spanning a large part of the gain spectrum of the quantum dot material. It is shown that the generated comb is fully coherent with the injected CW laser and RF frequency used to drive the hybrid mode-locking. This method of comb generation is of interest for the creation of small and robust frequency combs for use in optical frequency metrology, high-frequency (> 100 GHz) RF generation and telecommunication applications. 
Introduction
Frequency comb lasers [1, 2] have been around since the early 2000's, enabling highly-accurate optical time and frequency measurements resulting in many applications [3] [4] [5] [6] . Integrated optical frequency comb lasers would pave the way to an even broader application of comb technology because of low fabrication and maintenance costs. Mode-locked quantum dot lasers (MLQDL) are interesting for this application as they have a broad gain bandwidth (> 100 nm) required for short pulse generation [7] [8] [9] [10] [11] . Further on-chip integration with an optical amplifier, highly non-linear media for spectral broadening and an f-2f interferometer (for carrier envelope offset frequency ( f CEO ) detection), and feedback electronics for orthogonal control of f rep and f CEO [12] , could lead to fully integrated, self-referenced frequency comb laser designs. Because of their small size, these lasers have pulse repetition rates ( f rep ) in the range of a GHz up to hundreds of GHz, which is a useful property for e.g. low-noise microwave generation [13, 14] , accurate calibration of spectrometers [5] , and optical arbitrary waveform generation [15] . Apart from metrology applications, high repetition rate frequency combs are of interest for telecommunication applications as highly stable pulse train emitters for applications such as optical time-domain multiplexing (OTDM) [16] or all-optical clock recovery [17] . With their wide optical spectrum and stabilized mode spacing, ultra-high repetition rate frequency combs are attractive for application in wavelength-division multiplexed (WDM) systems and also as multi-wavelength light sources [18] [19] [20] [21] . The coherence of frequency comb modes can be exploited in Coherent Optical Orthogonal Frequency Division Multiplexing (CO-OFDM) [22] .
In this work we report on the generation of optical side bands (modes in the form of a frequency comb) on a CW diode laser injected into two-section InAs/InP (H)MLQDL devices [23, 24] working at 1.5 μm. This frequency comb generation appears to be independent of the laser action and shows that the device works as an electro-optical modulator, producing equally spaced and coherent modes. The generated comb has been characterized using two narrow linewidth CW lasers and an Er 3+ -fiber based frequency comb laser.
Description of the HMLQDL and the experimental setup for optical injection
The (H)MLQDL's used in this experiment are 9 mm long ( f rep ∼ 4.5 GHz), two-section InAs/InP (100) Fabry-Pérot type ridge-waveguide devices, produced by metal-organic vaporphase epitaxy [23] [24] [25] [26] . The 2 μm wide wave guides have been produced using reactive ion etching and the mirrors are formed by the cleaved facets (∼ 31% reflectivity). The saturable absorber section had a length of 360 μm (4%). Figure 1 shows part of the setup used to investigate the behavior of the HMLQDL device when a CW laser is injected. The effects of hybrid mode-locking were reported previously [23] . The HMLQDL is mounted on a copper plate that is temperature stabilized to 10 • C to optimize the gain. To prevent condensation, the setup is flushed with nitrogen gas. An Agilent N5181A RF generator with a frequency doubling setup and an amplifier (maximum output 25 dBm) was used to generate the hybrid mode-locking voltage (typically 6-11 V pp ) that was applied to the SA section of the chip via a bias tee (no bias voltage applied) and a three point ground-signalground probe (coupling efficiency to SA section unknown).
The output of the laser was coupled into an anti-reflection coated lensed fiber using a piezo controlled three axis translation stage (estimated coupling loss 3-5 dB). Light of a CW laser (Toptica DL 100/pro, linewidth 100 kHz, power ∼ 40 mW, internal isolator) was adjusted in power with a variable attenuator (0-6.2 mW) and injected into the HMLQDL device via the 25% port of a fused fiber splitter/combiner. The standard single-mode fiber was manipulated to optimize the polarization of the injected light. The injection laser was optically locked to one of the modes of a Menlo Systems FC1500 Er 3+ -doped fiber frequency comb laser (FCL) to precisely control the optical injection frequency ( f injection ). The HMLQDL output (75% port) was sent through an optical isolator and amplified in a semiconductor optical amplifier (SOA, type JDS CQF 872/108C) to about 40mW in order to have sufficient optical power for further analysis. It has been checked that the SOA did not induce additional non-linear effects.
CW injection of the HMLQDL
As frequency comb applications benefit from narrow modes, injection locking of the (H)MLQDL to reduce the linewidth of the (H)MLQDL modes was attempted. No injection locking and related narrowing of the HMLQDL modes has been observed, presumably due to the low resonator Q (and resulting mode widths of > 100 MHz) of the devices which makes it hard to influence these modes by narrow CW laser injection. However, narrow linewidth peaks were observed in the heterodyne spectrum which were independent of the HMLQDL's native mode structure but exhibited a spacing of f HML . The setup of Fig. 2 was used where the probe laser is a Toptica DL 100/pro CW laser (tunable 1490-1590 nm). This probe laser was used to make a heterodyne beat with the output of the CW injected QDL. The CW injection laser was placed at an arbitrary wavelength of ∼ 1515 nm where native QDL modes are visible in the heterodyne spectrum. The probe laser was blue detuned with respect to the injection laser with ∼ 7.9 GHz. The spectrum of this heterodyne beat was recorded with an Agilent 4440A electrical spectrum analyzer (ESA), showing the (optical) sum and difference frequencies between the QDL laser output and the probe laser in the frequency range recorded. Figure 3(a) shows the RF spectrum of the beat of the injected passively mode-locked laser with the probe laser. The direct beat between the injection and probe lasers (located at ∼ 7.9 GHz) is not visible in the recorded spectrum. The first two modulation side bands are visible at ∼ 3.4 (IV) and ∼ 1.1 GHz (I, negative beat sign) as narrow spikes, while native modes of the QDL (II and III) are visible as broad peaks around ∼ 1.5 and ∼ 3 GHz. The narrow spikes (I and IV) disappear when no CW laser light is injected, while the QDL modes stay the same. When the frequency of the injected laser is shifted, the narrow peaks shift the same amount in frequency. The frequency difference between the two narrow peaks is exactly the passive mode-locking frequency of the QDL. The appearance of narrow peaks, the spacing of these peaks and the shifting of the peaks together with (optical) frequency shifts of the injection laser are all clear signs of optical side-band generation on the injected CW laser.
A similar spectrum of the hybridly mode-locked QDL is shown in Fig. 3(b) . Again the broad peaks (∼ 1.2 (II) and ∼ 3.2 GHz (III)) are native QDL modes, while the narrow spikes at ∼ 3.8 (IV) and ∼ 0.7 GHz (I) are side bands of the modulated CW injection laser. The repetition rate ( f rep ) is now fixed by the RF generator at 4.46 GHz.
A number of experiments was performed to further study the modulation imposed on the injected CW laser. It was noted that the modulation was present when the injected CW laser was tuned outside the QDL's spectrum as well, this effect was exploited to study the the modulation with no interference of the native QDL spectrum.
Characterization of the passively mode-locked QDL with an injected CW laser
The setup shown in Fig. 4 has been used to characterize the passively mode-locked QDL by recording the RF and optical spectra without ( Fig. 5(a) ) and with ( Fig. 5(b) ) the CW injection laser. About 1% of the SOA output was directed to an ANDO 6315A optical spectrum analyzer (OSA, resolution 0.05 nm), while the remaining 99% was split in two (this splitter is not drawn) and the light of one of the outputs was coupled into an EOT ET-3500 InGaAs photo diode (3 dB bandwidth > 10 GHz) to obtain RF spectra with the ESA. The injection current I injection has been varied from 200 mA to 1000 mA in steps of 5 mA. For each value of I injection an RF repetition rate spectrum and an optical spectrum of the laser were recorded. This setup has also been used to investigate the influence of the hybrid mode-locking frequency ( f HML ). The results for the passively mode-locked QDL are shown in Fig. 5 . For I injection from ∼ 540 mA to ∼ 760 mA a relatively well defined passive mode-locking repetition rate frequency of ∼ 4.45 GHz is seen. In Fig. 5(b) broadening of the CW laser spectrum is visible for I injection > 800 mA. At I injection higher than ∼ 840 mA there is no well defined peak found in the RF spectrum, the peaks at various low frequencies up to 2 GHz indicate Q-switching of the laser in this regime. The modulation (with varying current) of the spectral width (clearly seen between 0.5 and 0.8 A) in the optical spectrum and background noise in the RF spectrum, are attributed to the resonance condition of the CW laser in the QDL cavity. The index of refraction of the waveguide varies with the current density and temperature variations caused by changing the current density via I injection . The spectral broadening of the injected CW laser, is attributed to a periodic modulation of the losses and refractive index of the SA section due to a fluctuating photo-current caused by the light pulses of the QDL traveling back and forth in the waveguide.
Characterization of the hybridly mode-locked QDL with an injected CW laser
The injection of the QDL was repeated while hybridly mode-locking the QDL laser. The hybrid mode-locking (HML) frequency f HML has been chosen for optimal HML at I injection ∼ 700 mA. It's frequency lies in the vicinity of the passive mode-locking frequency (4.45 GHz). The injection current I injection has been varied from 200 mA to 1000 mA in steps of 5 mA, and for each value of the current an RF repetition rate and optical spectrum of the laser were recorded. In Fig. 6 and Fig. 7 the RF peak has been artificially broadened in frequency from the kHz resolution band width of the ESA to 10 MHz in order to make this peak visible in the RF spectra.
For below lasing threshold values of I injection up to ∼ 440 mA the applied RF voltage to the SA section already causes modulation of the injected CW laser, which is visible as an enhanced RF peak in Fig. 6(b) in the RF spectrum. This is an indication that the SA section of the laser works as an electro-optical modulator (EOM) for amplitude and phase. In this case a signal to background ratio of > 20 dB has been measured at 7 f HML mode spacings from the injected CW laser.
At I injection above ∼ 440 mA the laser is properly hybridly mode-locked (spurious frequencies are more than 50 dB below the HML signal). Spectral broadening of the injected laser has been observed over the entire HMLQDL spectrum and up to ∼ 25 nm red detuned from the edge of (left panel) Optical spectral widths of the QDL and the modulated CW injection laser at -3,-10 and -20 dB relative to the peak height. Optical (middle panel) and RF repetition rate (right panel) spectra of the passively mode-locked QDL. The injected optical power was 2.8 mW into the 25% port (Fig 4) . The slight background step in the RF spectrum starting at ∼ 3 GHz and fading out to ∼ 4 GHz is an analyzer artefact. (Fig 4) .
the HMLQDL spectrum. The width of the modulation decreased when increasing the separation between the CW injection wavelength and the edge of the HMLQDL's spectrum. Both Fig. 5 and Fig. 6 show an increased modulation width with increasing I injection . Hybrid mode-locking was found to increase the width of the modulation with regard to the passively mode-locked case.
Spectral width of the injected CW laser with varying I injection and f HML
Since the laser itself undergoes only minor changes in its spectrum while varying the HMLQDL parameters, we will focus on the properties of the modulation imposed by the HMLQDL on the CW laser in the remainder of the article. In the previous section the influence of I injection on the width of the modulation was studied while f HML was given a fixed value. To observe the influence of f HML on the modulation of the CW laser, it has been varied from 3.9 to 4.9 GHz with a step size of 2 MHz for a fixed value of I injection while recording the optical and RF repetition rate spectra. The results are shown in Fig. 7 for I injection = 500 mA and I injection = 1000 mA.
Varying f HML at a low injection current of 500 mA shows various frequency ranges where the modulation depth is enhanced, mainly for frequencies above the passive mode-locking frequency. Note that the mode-locking frequency of the HMLQDL seems to follow f HML over the full frequency range. This is however probably not the case, since the HMLQDL output and the modulated CW light on the detector both cause an RF peak, which masks the proper HML range of the QDL. A slightly enhanced background at the native repetition rate of the QDL up to ∼4.3 GHz and from ∼4.5 GHz are an indication that the QDL does not HML properly over the full frequency range, which is consistent with previous results for these lasers [23] .
At a high injection current of 1000 mA the modulation depth is larger over the full f HML range. The range for proper hybrid mode-locking however, is restricted as can be seen (Fig. 7(b) , right panel) by strong spectral components around the natural QDL resonance frequency below f HML ∼ 4.2 GHz and above f HML ∼ 4.5 GHz, where the laser mode-locks at its native and hybrid frequencies. The asymmetry in the frequency range for hybrid mode-locking around the native mode-locking frequency has been observed in other HMLQDLs as well [27] . The intensity variations in the modulated injection laser spectrum as a function of wavelength for a certain f HML can be a sign of self phase modulation due to gain saturation in the gain section of the HMLQDL.
An optimum in spectral width of the modulated CW laser was found for I injection ∼ 750 mA and f HML ∼ 4.45 GHz. This point approximately coincides with I injection where the passively mode-locked QDL starts to give spurious frequencies in the RF spectrum, and where f HML coincides with the passive mode-locking frequency at this value of I injection . The largest spectral width of the modulated CW injection laser, determined at -20 dBc, was 1.27 nm with an injected power of 6.2 mW into the 25% port. The working point for further investigation was chosen at I injection = 747.3 mA and f HML = 4.4532 GHz.
Characterization of the generated frequency comb
In order to characterize the discrete modulation side-bands (these will be called comb modes from now on) imposed on the injected CW laser, high-resolution optical spectra were taken to resolve the individual comb modes. To conclude the measurements on the generated frequency comb the optical coherence of the comb modes has been verified in an optical heterodyne-beat experiment with two CW lasers and an Er 3+ -fiber frequency comb laser.
High resolution optical spectra of the generated frequency comb
The setup of Fig. 2 has been used to acquire high-resolution optical spectra of the generated frequency comb. The CW probe laser was in this case an Agilent 8164A with 81600B tunable laser source (relative set accuracy < ±125 MHz, linewidth ∼ 100 kHz, frequency stability within tens of MHz). The optical beat with the injection laser was used to characterize the generated comb. The frequencies of these comb modes are positioned at the optical injection frequency ( f injection ) modulo f HML . The probe laser frequency was stepped through the generated comb spectrum in steps of 1-2 GHz.
With this setup optical spectra with high frequency resolution (120-600 kHz) have been measured, and a determination of the comb amplitude to background ratio could be derived from these spectra. About 1% of the light after the SOA was sent to the OSA for low resolution reference spectra, while 99% of the light was used to generate the optical heterodyne beat between the optically injected HMLQDL and the probe laser. The resulting RF spectra were measured with the ESA.
Once f injection was established (in this case relative on the Agilent 81600B wavelength scale), the comb modes can be found and the peak height and signal to background ratio determined from the RF spectra by a fitting procedure. The radio band width (RBW) of the ESA was set at ≥ 300 kHz in order to properly record the RF power of the down converted optical modes in Figure 8 shows the determined signal to background ratio for each side mode of the modulated CW laser. Mode position 0 equals f injection . The average of the OSA spectra recorded during the high-resolution scan is given as a comparison (red line). The OSA wavelength scale has been calibrated with the Agilent 81600B and the peak value of the OSA was shifted to match the peak value of mode 0. The width of modulated CW laser from 0 to -20 dBc as seen on the OSA spectra can directly be compared with the width of the modulation in the high-resolution optical spectrum. The 30 dB signal to background ratio spans 23 modes, which is > 100 GHz in the optical domain. These data show that we have generated a frequency comb existing of narrow modulation peaks, through modulation of the injected CW laser by the HMLQDL.
The occasional mode with a low signal to background ratio is possibly a sign of self phase modulation due to saturation in the gain section of the HMLQDL structure [28] . The asymmetry in the spectrum can be seen as a hint in this direction, as well as the fact that the modulation of the spectral intensity was observed when the power of the light coupled into the laser was relatively high, while I injection was, at the same time, set for optimal modulation width. Despite the long measurement time causing significant deviation in the fiber in-coupling (> 5 dB) which might have led to varying laser dynamics during the measurement, the generated comb was not much affected. The recorded OSA spectra show a slight variation over time. However, the correspondence of the high-resolution spectrum with the averaged OSA spectra show that these variations were not the prime cause of the reduced signal to background of some of the modes.
In a separate heterodyne beat measurement, using two Toptica DL 100/pro lasers as probe and injection laser, we determined the width of the comb modes on short time scales by use of the ESA. In this case the RBW of the ESA was set below the linewidth of the optical heterodyne beat, in order to resolve the width of the individual modes of the comb. The width of the heterodyne beat between the injection and probe laser was determined to be 140(60) kHz. The width of the heterodyne beat between comb mode 18 of the generated comb and the probe laser was 160(40) kHz, and the width of the heterodyne beat of comb mode 39 with the probe laser was 170(90) kHz. This means that there is no significant broadening of the generated comb modes with increasing mode number within the errors.
Optical coherence of the generated frequency comb
The coherence of the generated comb was determined by an optical heterodyne experiment involving two CW lasers and an Er 3+ -fiber frequency comb laser (FCL) as shown in Fig. 9 . Two Toptica DL 100/pro CW diode lasers were used in this experiment. Beat frequencies ( f beat ) of both CW lasers with the FCL were counted. The optical beat frequency of the second CW laser with a mode of the generated comb on the injected CW laser was also counted. The counters (Agilent 53132A) were synchronously gated using an external trigger and time gate. The FCL, ESA, counters and RF generator used to generate f HML were all referenced to a rubidium atomic standard (Stanford Research Systems PRS10) phase-locked to a one pulse-per-second signal retrieved from the global positioning system. Each mode of the QDL generated comb and fiber frequency comb laser can be described by f n = f CEO + n f rep , n ∈ N, where f CEO is the carrier envelope offset frequency, f rep is the repetition rate frequency of the comb, and n the mode number of the comb mode. The frequency f CW of a CW laser in an optical heterodyne measurement with a FCL can be expressed as:
where n is the mode number of the optical comb mode with which the beat is made and f beat is the RF beat frequency. Both f CEO and f beat can be positive or negative. For two CW lasers and two FCLs (the HMLQDL generated comb being one of them) Eq. (2) and (3) can be written with m, n the mode numbers of the modes used for the optical heterodyne beats with comb 1 (FCL) and o, p for beats with comb 2 (QDL):
Note that f CEO drops out of Eq. (2) and (3). Taking laser CW 2 as the injection laser, f beatCW 2 ,QDL = 0 since it acts as the central mode of the QDL generated comb. This is illustrated in Fig. 10 . Equating Eq. (2) and (3) then gives:
where Δ f is the measured deviation from 0 which is used to give a measure of the coherence of the generated comb. Measurement errors can be present when the S/N ratio of the heterodyne beats is too low, giving rise to false or missed counts. In the experiment the three optical beat notes were counted at various counter gate times. For this experiment the CW laser frequencies do not necessarily need to be locked, therefore the lasers were left free running. Fig. 10 . Illustration of the coherence measurement by using a frequency comb laser (FCL) and the generated QDL comb. The frequency difference between the CW lasers measured with both combs should be equal (Δ f = 0) if the combs are coherent at the time scale of the measurement. This can be determined using the mode number differences and measured beat frequencies ( f beat ). The coherence of the generated comb modes has been measured up to mode 23 of the QDL comb. In this case the S/N ratio was ∼ 25 dB which leads to cycle slips and/or false counts. The mean of the Δ f measurement sets is in this case at kHz level with typical rms-deviations within the sets of up to 100 Hz.
From the measurements it is clear that the comb generated by CW injection of a HMLQDL is strongly determined by the RF generator used for hybrid mode-locking and is at least tunable in f rep over the range where proper hybrid mode-locking can be achieved. The f CEO of the generated comb then only relies on the absolute frequency stability of the injected CW laser. Stable optical CW laser sources at 1.5 μm can be achieved by optical locking of the CW laser on e.g. an acetylene line [29].
Discussion of the physical processes in the modulator
The observation of coherent side mode generation from a CW laser that is injected into a HMLDQL naturally raises the question which processes could lead to the observed results. Especially in the hybridly mode-locked case it is clear that the modulation is caused by the modulation of the SA section of the QDL which acts as an electro-optical modulator (EOM). Amplitude modulation (via loss/gain) and phase modulation (via refractive index changes), can arise due to the electron-density changes in the SA section. The modulation strength might be enhanced by the quantum dot material [30] . It appears that the mode-locked laser action is not greatly influencing the side-mode generation and gives rise to the question if it is important at all for the workings of the device as an EOM.
In the case of the passively mode-locked laser, the observed small modulation depth of the injected laser can be caused by modulation of the photo-current (loss/refractive index) in the SA section of the QDL because of the light pulse circulating in the laser, and by phase modulation via the quantum dot material. In case of hybrid mode-locking this light pulse is influenced by the alternating loss and gain during the RF cycle, which causes a much stronger modulation of the CW laser. Moreover, this modulated light is then amplified in the gain section of the laser, which can give rise to non-linear optical effects if it is optically saturated. That the modulation is enhanced with gain can be seen from the increasing strength of the f HML peak with increasing current in Fig. 6 (b) below lasing threshold, and by the increasing width of the generated comb spectrum on the injection laser above threshold. The conclusion that gain plays a role is further supported by the fact that the width of the comb spectrum narrows when the wavelength of the injected laser is moved towards the edge of the gain spectrum of the QD material [7] , where the modulation strength in the SA section and amplification in the gain section are smaller.
Conclusions and outlook
In this article, coherent modulation of a CW laser injected into a HMLQDL resulting in frequency comb generation has been demonstrated. Possible mechanisms behind this modulation have been proposed, however a full understanding is still lacking. Comb generation is possible in the gain spectrum of the QD material. The generated comb is decoupled from the HM-LQDL laser action. The central frequency of the resulting comb can be changed by tuning the wavelength of the injected CW laser. Tuning of f rep is provided by the hybrid mode-locking frequency of the QDL, while f CEO can be tuned by using both f rep and the absolute frequency of the CW injection laser. The 30 dB signal to background range of the generated modulation extended over 23 modes (> 100 GHz). Phase coherence of the generated comb has been shown at the level of 0.1(3.9) Hz deviation for timescales of 0.1 to 0.5 seconds, at mode 14 (> 60 GHz) from the injected laser (mode 0). It provides strong evidence for full coherence of the generated comb of which more than 60 modes could be resolved.
One of the applications of these generated coherent combs could be phase locking of telecommunication lasers on neighboring channels in dense wavelength-division multiplexing (DWDM) optical networks. Another application could be harmonic generation of a GHz RF source by optical mode filtering of the generated comb, providing stable frequency sources at > 100 GHz when the light is converted back to the RF by a fast photo diode. The generated comb could also be used as a basis for several telecommunication modulation schemes. We note however, that the comb flatness (3 dB bandwidth) needs improvement, see e.g. [21, 31] , before this is feasible for some of the modulation schemes proposed in the introduction. We conclude from this experiment that coherent narrow linewidth frequency comb generation and amplification is possible in the used InAs/InP quantum dot material. Modifications to the laser cavity like a high-Q resonator and intra-cavity dispersion control, can lead to narrow linewidth (< 100 kHz), short pulse (< 100 fs) frequency comb lasers, paving the way towards fully integrated, robust, narrow linewidth, self referenced semiconductor frequency comb lasers.
